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GLP-1 receptor agonist developed to provide the benefits of GLP-1 in a longer lasting formulation (12, 43, 60) , was granted marketing authorization by the European Medicines Agency in February 2013 (16) . It was also approved for use in Mexico, Australia, and Japan. It is considered a prandial agent because of its substantial effect in lowering prandial glucose concentrations and improving Hb A 1C levels (43, 48, 50) . Its very high affinity for the GLP-1 receptor (Ϸ4 times that of GLP-1) has led to its being developed for once a day administration despite its relatively short half-life (2-4 h) (5) . In dose-ranging studies, once daily treatment was observed to provide a better ratio of efficacy to tolerability than twice-daily dosing (43) .
Chronic (12 wk) treatment of obese prediabetic Zucker diabetic fatty (ZDF) rats with lixisenatide reduced basal glucose concentrations and improved oral glucose tolerance (61) . In lean glucose-tolerant ZDF rats, on the other hand, lixisenatide treatment did not alter blood glucose (61) . Acute treatment of conscious dogs with lixisenatide at doses of 0.15-5 g/kg prior to an oral glucose tolerance test significantly reduced the maximum glucose response (49 -73%) and the plasma insulin concentrations (60 -75%) (60) .
The effect of 12 wk of lixisenatide monotherapy on mixedmeal disposition has been reported in humans with type 2 diabetes (17) . Lixisenatide treatment reduced the 2-h postprandial glucose concentrations seven-to eightfold compared with placebo and was associated with significant improvement in Hb A 1c (doubling the number of subjects with Hb A 1c Ͻ7%). Recent investigations have confirmed the benefit of lixisenatide in reducing postprandial glucose levels in individuals with type 2 diabetes following the consumption of a standard meal (1, 17, 39, 46, 47, 50, 56) .
GLP-1 is an insulin secretagogue, and lixisenatide is fully active at the GLP-1 receptor. It has been shown to preserve ␤-cell mass and insulin mRNA expression in the db/db mouse and to preserve both the first-and second-phase insulin response in the ZDF rat (62) . It also augmented the first-phase insulin response to an intravenous glucose challenge in nondiabetic humans (6) and improved ␤-cell function assessed by homeostasis model assessment-B in a 24-wk study of humans with type 2 diabetes (1). Nevertheless, the reduction in 2-h postprandial glucose concentrations with lixisenatide treatment in humans was associated with a reduction in 2-h postprandial insulin concentrations as well (13, 51) . Thus, consistent with the results from humans treated with GLP-1 (28, 33) , the effect of lixisenatide in improvement of glucose tolerance does not seem to be attributable simply to enhanced insulin secretion.
The liver plays an extremely important part in the disposal of carbohydrate from a glucose load or meal (11, 14) , but it is difficult to quantify the role of the liver in glucose disposal in the human under physiological conditions because of the in-vasiveness of the catheterization required. Recent data indicate that lixisenatide delays gastric emptying (27) , and Woerle et al. (64) reported that the splanchnic bed disposed of more of the carbohydrate from a mixed meal when gastric emptying in humans was delayed by pramlintide administration. Lixisenatide's impact on the relative roles of the liver and extrahepatic tissues in glucose disposal have not been examined under physiological conditions. For this reason, the current studies were carried out to examine the effect of lixisenatide on the disposition of a mixed meal in the conscious dog, a model in which it is possible to quantify hepatic balance precisely.
METHODS
Animals and experimental preparation. The protocol was approved by the Vanderbilt University Institutional Animal Care and Use Committee, and the animals were housed and cared for according to Association for Assessment and Accreditation of Laboratory Animal Care guidelines. The studies were carried out in conscious overnightfasted male or female mongrel dogs (20.1-26.4 kg) that were fed once daily a diet of meat and chow providing 31% protein, 52% carbohydrate, 11% fat, and 6% fiber based on dry weight. Approximately 16 days before study, each dog underwent a laparotomy for placement of ultrasonic flow probes (Transonic Systems, Ithaca, NY) around the portal vein and the hepatic artery as well as insertion of silicone rubber catheters for sampling in a hepatic vein, the portal vein, and a femoral artery, as described in detail elsewhere (31) . The animals were studied only if they met established criteria prior to study (31) . On the morning of the study, catheters and flow probe leads were exteriorized from their subcutaneous pockets under local anesthesia (31) . An angiocath (Deseret Medical, Sandy, UT) was inserted into a cephalic vein for infusion of indocyanine green dye.
Experimental design. Each experiment consisted of a 60-min equilibration period (Ϫ90 to Ϫ30 min), a 30-min basal period (Ϫ30 to 0 min), and a 510-min experimental period (0 -510 min). At Ϫ90 min, a continuous infusion of indocyanine green dye (0.08 mg/min; Sigma, St. Louis, MO) was begun in all dogs. At Ϫ30 min, seven dogs (lixisenatide group) received a subcutaneous injection of lixisenatide 1.5 g/kg (Sanofi, Paris, France), and seven dogs (control group) received a subcutaneous vehicle (0.9% saline) injection (Fig. 1) . At 0 min the study timer was stopped, and a liquid mixed meal [93.4 kJ/kg; energy supplied as 19% protein (Beneprotein, Novartis Medical Nutrition, Minneapolis, MN), 71% glucose polymers (Polycose; Abbott Nutrition, Columbus, OH), and 10% lipid (Microlipid; Nestlé Healthcare, Minnetonka, MN)] was drunk by the dogs as it was gradually injected into the mouth with a syringe. Five-hundred milligrams of acetaminophen (paracetamol; Sigma) was added to the meal for the last four of the control dogs and the last five of the lixisenatide dogs to assess gastric emptying. Ingestion of the meal took no longer than 3 min, and the timer was restarted as soon as meal intake was complete.
Samples were taken from the femoral artery, hepatic portal vein, and hepatic vein during the 30 min before the meal and every 15-30 min during the 510-min postprandial period to assess the gastrointestinal, hepatic, and nonhepatic disposition of the meal. One dog in each group vomited within 1 h after the meal was delivered. These dogs were deleted from the database, and thus the final groups contained six dogs each. At the end of study, the dogs were euthanized with an overdose of anesthetic, a laparotomy was performed, and the stomach was opened and drained for measurement and visual examination of the gastric fluid.
Hematocrit, blood lactate, alanine, and glycerol and plasma glucose, insulin, glucagon, and cortisol were measured as described previously (31) . Plasma acetaminophen concentrations were measured by HPLC following the addition of 2-acetaminophenol as the internal standard and deproteinization of the plasma with Ba(OH) 2 Calculations and data analysis. Hepatic blood flow was measured using ultrasonic probes and indocyanine green extraction. The two methods yielded similar results, but the data reported here were calculated with the ultrasonic-determined flows because their measurement did not require an assumption regarding the relative contribution of arterial and portal flow to total hepatic blood flow. The rate of glucose delivery to the liver, or hepatic glucose load, was calculated as: load in ϭ (Fa ϫ Sa) ϩ (Fp ϫ Sp), where Fa and Fp represent blood or plasma flow (as appropriate for the substrate under examination) in the artery and hepatic portal vein, respectively, and Sa and Sp represent the blood or plasma substrate concentrations in the two vessels. Net hepatic substrate balance (NHB) was calculated as loadout Ϫ loadin, where loadout ϭ Fh ϫ Sh, Fh is the total hepatic blood or plasma flow, and Sh is the substrate concentration in the hepatic vein. Net hepatic fractional substrate extraction was calculated as net hepatic substrate balance/loadin. Net gut glucose balance was calculated as (Sa Ϫ Sp) ϫ Fp. Nonhepatic glucose uptake was net gut glucose output minus net hepatic glucose uptake (NHGU), which was adjusted for changes in the mass of the glucose pool. Glucose clearance was calculated as hepatic or nonhepatic glucose uptake, as appropriate, divided by the arterial glucose concentration. Net hepatic carbon retention, shown previously to be a close estimate of hepatic glycogen synthesis (53) , was calculated as NHGU minus net hepatic lactate output (in glucose equivalents).
The area under the curve (AUC) was calculated for the postprandial period (0 -510 min) using the trapezoidal rule, with the AUCs expressed as change from the basal concentrations or rates (⌬AUC), unless otherwise indicated.
SigmaStat (SPSS, Chicago, IL) was used for statistical analysis. Time course data were evaluated with repeated-measures ANOVA. Where significant differences between groups in their responses over time were found, Tukey's test was utilized for post hoc analysis to identify the time points where the groups differed. Unpaired Student's t-test was used for comparison of AUCs.
RESULTS

Acetaminophen concentrations.
In the four control and five lixisenatide dogs that received acetaminophen to assess gastric emptying (Fig. 2) , the peak plasma concentration in the lixisenatide group was only 53% of that in the control dogs (P Ͻ 0.05), whereas the overall ⌬AUC in the lixisenatide dogs was 65% of that in the control group (924 Ϯ 228 vs. 1,412 Ϯ 240 ng·ml Ϫ1 ·510 min
Ϫ1
, P Ͻ 0.05). Glucose metabolism. The basal arterial and portal blood glucose concentrations were ϳ4.6 mmol/l in both groups (Fig. 3 ). In the control group, the arterial glucose concentra- tions peaked 45 min after the meal was administered and remained elevated above basal for Ͼ300 min after the meal. In the lixisenatide group, the rise in blood glucose was markedly blunted, and the peak was delayed until ϳ4 h after the meal. The mean arterial blood glucose concentration remained slightly but significantly elevated above basal at the end of the study in lixisenatide group. The ⌬AUC for arterial blood glucose in the lixisenatide group was Ϸ45% of that in the control group (P Ͻ 0.05; Fig. 3 ). The portal vein glucose concentration in the control group reached 9.5 Ϯ 0.8 mmol/l and was elevated for Ͼ330 min, whereas the peak portal vein glucose in the lixisenatide group was 7.2 Ϯ 0.7 mmol/l (P Ͻ 0.05 vs. control), and the concentration remained significantly above basal at the end of study. The ⌬AUC for arterial blood glucose in the lixisenatide group was ϳ63% of that in the control group (P Ͻ 0.05). The ⌬AUC for portal blood glucose concentration was similarly suppressed in the lixisenatide group relative to control. A negative arterioportal (A-P) glucose gradient was present in the control group by 15 min, and it existed until after 450 min (Fig. 3) . The development of a negative A-P gradient was delayed in the lixisenatide group until Ϸ45 min, but it persisted until after the final sampling point (P ϭ 0.07 between AUCs in the 2 groups). Absorption of the meal was evident (the gut shifted from net uptake to output of glucose) within 15 min in the control group, but it was delayed Ͼ30 min in the group receiving lixisenatide (Fig. 3 ). The peak rates of net gut glucose output were 59.9 Ϯ 12.0 and 45.8 Ϯ 9.0 mol·kg Ϫ1 ·min Ϫ1 in the control and lixisenatide groups, respectively (P Ͻ 0.05). Net absorption of the carbohydrate appeared to be complete within 510 min in the control group, but it continued until the end of the study in the lixisenatide group. As a result, the ⌬AUC of gut glucose output did not differ significantly between groups (P ϭ 0.2).
Because of the overall reduction in glycemia, the hepatic glucose load was lower in the lixisenatide group than in the control group for Ͼ5 h after the meal (P Ͻ 0.05; Fig. 4 ). The hepatic load had returned to basal in the control group by the end of study, whereas it remained significantly elevated in the lixisenatide group. Because of this, the ⌬AUC for hepatic glucose load in the lixisenatide group was only 28% smaller than in the control group (P ϭ 0.1). The control group switched from net hepatic glucose output to NHGU within 30 min after the meal, but the shift to NHGU was delayed until 90 min in the lixisenatide group, and the rate remained significantly lower in lixisenatide through 300 min (Fig. 4) . NHGU ceased by Ϸ360 min in the control group but was ongoing at the end of study in the lixisenatide group, so the ⌬AUC of NHGU was not different in lixisenatide or control (P ϭ 0.24). Net hepatic fractional extraction of glucose and hepatic glucose clearance followed a pattern similar to that of NHGU. The AUC of net hepatic carbon retention did not differ between groups (P ϭ 0.24; Fig. 4) .
The assimilation of the meal was incomplete at the end of study in the lixisenatide group, as can be seen from the acetaminophen concentrations and net gut glucose balance. The acetaminophen concentrations provide an independent tool for estimating the time remaining for meal assimilation. If the rate of change of acetaminophen concentrations over the last hour of study is projected forward until the concentrations fall to zero in the lixisenatide group, it can be estimated that gastric release of the acetaminophen (and presumably the meal) would have continued for Ϸ4 h past the end of the study. If the mean rate of NHGU observed between groups over the last hour of study had continued for an additional 4 h, then the AUC of NHGU in the lixisenatide group would total 10.3 Ϯ 3.3 mmol/kg, remarkably similar to the AUC of 10.7 Ϯ 1.1 mmol/kg observed in the control group.
Nonhepatic glucose uptake was significantly greater in the control group than in the lixisenatide group for Ͼ3 h after the meal (Fig. 5) . The ⌬AUC of nonhepatic glucose uptake for the postprandial period was reduced Ͼ40% in lixisenatide (10,541 Ϯ 1,854 and 6,151 Ϯ 4,321 mol·kg Ϫ1 ·510 min
, P ϭ 0.09). Since the glycemic concentrations differed, nonhepatic glucose clearance was calculated (Fig. 5) . Although there was a significant group ϫ time effect of lixisenatide on nonhepatic glucose clearance, the ⌬AUC did not differ between groups (P ϭ 0.3). When nonhepatic glucose clearance was divided by the insulin concentrations, neither the individual time points nor the AUCs differed (P ϭ 0.9 for comparison of AUCs; Fig. 5) .
Hormonal response. The arterial plasma insulin response in the lixisenatide group was 44% smaller than in the control group (⌬AUC 51,813 Ϯ 9,735 vs. 87,088 Ϯ 18,875 pmol·l Ϫ1 ·510 min Ϫ1 , P Ͻ 0.05), and the hepatic sinusoidal insulin response also tended to be blunted (37% less in lixisenatide than control), as shown in Fig. 6 . Arterial plasma glucagon concentrations did not differ in the two groups and remained nearly basal throughout (Fig. 6 ). Arterial and portal vein GLP-1 concentrations demonstrated a robust increase after the meal in the control group, but there was little or no change from basal in the lixisenatide group (Fig. 6 ). Arterial plasma cortisol concentrations did not change significantly from basal in either group during the experiments (data not shown).
Metabolite concentrations and balance. During the first half-hour of the postprandial period, the arterial concentrations of nonesterified fatty acids (NEFA) were significantly higher in the lixisenatide vs. the control group (Table 1) . Although the NEFA concentrations in the lixisenatide group remained nu- merically higher for Ն300 min postprandially, post hoc testing revealed no significant differences after 30 min. Arterial blood glycerol concentrations in the basal state were lower in the lixisenatide group than in the control group, but the early postprandial concentrations did not differ between groups (Table 1). As a result, the decline in arterial glycerol concentrations between the basal period and the 30-min postprandial sample was three times as large in the control group as in the lixisenatide group (P Ͻ 0.05). During the last 150 min of study, glycerol concentrations in both groups began to return toward basal. During this time, the concentrations in the control group again were significantly greater than those in the lixisenatide group. Net hepatic glycerol uptake did not differ between groups (P ϭ 0.3).
Arterial blood lactate and alanine concentrations (Table 1 ) were significantly greater in the control vs. lixisenatide group during the postprandial period (P Ͻ 0.05), but net hepatic lactate output and alanine uptake, as well as net gut alanine output, did not differ significantly between groups (P ϭ 0.2, 0.4, and 0.2, respectively). Neither the concentrations nor the net hepatic balances of glutamine and glutamate differed significantly between groups (data not shown). , and net hepatic carbon retention (E) in the control and lixisenatide groups. There was a significant (P Ͻ 0.05) group ϫ time interaction for all parameters. *Data points that differed on post hoc analysis. There were no significant differences in postprandial AUCs between groups (histograms); n ϭ 6/group. Data are means Ϯ SE.
Gastrointestinal tolerance. In the control dogs, only a small amount (5-10 ml) of clear fluid was visible in the stomach at necropsy, with none of the liquid formula diet apparent. In the lixisenatide group, all stomachs contained bile-stained fluid with what appeared to be curdled formula. The formula volume was Ϸ10 -15% of that administered.
DISCUSSION
Lixisenatide significantly reduced the postprandial glycemic excursion in the conscious dog despite the fact that postprandial insulin concentrations were also reduced in the treatment group. Although lixisenatide was associated with a reduction in the peak arterial glucose concentration and in the maximal rate of gut glucose output, its action prolonged the glycemic elevation and the period of absorption so that there was no difference between groups in the AUC for key parameters, including arterial blood glucose, net gut glucose output, net hepatic glucose uptake, or nonhepatic glucose uptake. The rate of NHGU was significantly lower in the lixisenatide group for the first 5 h of the postprandial period, but NHGU continued through the end of study in the treatment group, unlike the control group. As a result, there were no significant differences between groups in the AUC 0 -510 for NHGU or net hepatic fractional extraction of glucose, which takes into account the differences between groups in hepatic glucose load, a major determinant of the rate of NHGU (11). Moreover, there was ongoing absorption of glucose in our lixisenatide group at the end of the study, and it is possible that NHGU would have continued for some time after the final sampling point such that the total NHGU in the lixisenatide group eventually equaled or exceeded that in the control group. If the rate of change in acetaminophen concentrations is projected forward and NHGU is adjusted for the continued gastric emptying of acetaminophen, as described in RESULTS, then it is likely that the AUC of NHGU would have been the same in the two groups. Unfortunately, it was not possible to prolong these acute experiments sufficiently to allow us to determine when NHGU ceased in the lixisenatide group. Our findings contrast with those of Woerle et al. (64), who reported that the splanchnic bed disposed of more of the carbohydrate from a mixed meal when gastric emptying in humans was delayed by pramlintide administration. However, exogenous glucose R a in the human study was still elevated well above basal at the conclusion of their experiments, particularly in the pramlintide-treated group, and thus it is impossible to determine exactly what contribution the splanchnic bed made to glucose disposal.
The acetaminophen (paracetamol) concentrations indicate that slowing the rate of gastric emptying likely explains at least part of the effect. Acetaminophen is absorbed in the small intestine but not the stomach, and its appearance in the circulation is dependent largely on the rate of gastric emptying (22) . Plasma acetaminophen concentrations in normal humans ingesting a liquid meal correlate remarkably well with results from scintography, considered the "gold standard" for evaluation of gastric emptying (18) . The AUC 0 -180 of acetaminophen concentrations was reduced Ͼ50% in dogs given lixisenatide vs. placebo prior to an oral glucose tolerance test (OGTT) (60) . The longer duration of observation post-acetaminophen ingestion in the current study likely explains why the AUC 0 -510 was reduced only 35% in the presence of lixisenatide. Net gut output of glucose in our animals was dependent not just upon the rate of gastric emptying but also upon the rates of hydrolysis of the glucose polymers in the meal and absorption in the small intestine. Nevertheless, the markedly lower net gut glucose output in the lixisenatide group early in the postprandial period is in general agreement with the acetaminophen data. The tendency toward blunting of the net gut output of alanine and the significant reduction in the arterial concentrations of alanine, as well as the presence of some of the meal in the stomach at the end of study, are also consistent with a delay in nutrient assimilation in the lixisenatide group. Indeed, although measurement of the stomach contents can provide only a rough estimate of the amount of the diet in the stomach at the end of study, the post-study volume of intragastric formula in the lixisenatide-treated dogs was approximately equivalent to the amount that remained unabsorbed based on the net gut glucose output data. The reduction in the rate of gastric emptying with lixisenatide treatment is consistent with results from [ 13 C]octanoic acid breath tests in humans with type 2 diabetes. After 4 wk of daily treatment, the gastric emptying rate for a labeled breakfast meal decreased 85% compared with the pretreatment measurement in the lixisenatide-treated group, whereas a placebo-treated group exhibited no decrease in there was a significant (P Ͻ 0.05) group ϫ time interaction for nonhepatic glucose uptake. *Data points that differed on post hoc analysis. The histograms show the AUC0-510 min for nonhepatic glucose uptake (B), nonhepatic glucose clearance (C), and nonhepatic glucose clearance adjusted for arterial plasma insulin concentrations (D). There were no significant differences in the AUCs of the 2 groups, although the AUC of nonhepatic glucose uptake tended to be larger in the control group; n ϭ 6/group. Data are means Ϯ SE.
gastric emptying (27) . GLP-1 may alter gastric emptying by both reducing antral activity and stimulating pyloric contraction (54, 63) . The delay of gastric emptying by GLP-1, GLP-1 receptor agonists, or DPP-IV inhibitors apparently involves central neural mediation (15, 24, 40, 52) , although whether or not the vagal afferent innervation is required for the response is unclear (24, 32) . Similar to NHGU, nonhepatic glucose uptake was significantly greater in the control group than in the lixisenatide group for more than 3 h after meal ingestion, but nonhepatic glucose uptake continued at a substantial rate in the lixisenatide group at the end of the experiments. Although the AUC of nonhepatic glucose uptake tended to be reduced in the lixisenatide group, when the rate was adjusted for the differences in glycemia (i.e., nonhepatic glucose clearance), the result was more similar between groups. When nonhepatic glucose clearance was further adjusted for the prevailing insulin concentrations, no differences were evident between groups. Thus, there was no evidence for either a specific hepatic or a nonhepatic effect of lixisenatide. Glycemic levels during the first half of the postmeal period in the current studies were significantly blunted in the dogs receiving lixisenatide. This is particularly relevant, given that the 2-h postload glucose concentration during an OGTT has been found to be predictive of both the progression of prediabetic individuals to diabetes and the risk of cardiovascular disease in type 2 diabetes (8, 10, 20, 35) . Hb A 1c is heavily influenced by postprandial glycemic levels (21) . In obese prediabetic ZDF rats, 12 wk of treatment with lixisenatide vs placebo reduced Hb A 1c significantly (1.7%) (61) . Consistent with this, 12 wk of lixisenatide monotherapy in adults with type 2 diabetes significantly decreased 2-h postprandial plasma glucose concentrations and excursions (change from basal concentrations) after a standardized breakfast meal, reduced fasting plasma glucose, and doubled the number of subjects with Hb A 1c concentrations Ͻ7% compared with placebo treatment (17) . Subsequent randomized clinical investigations in adults with type 2 diabetes inadequately controlled with metformin (1), basal insulin with or without metformin (46, 47) , basal insulin with or without a sulfonylurea (56) , or pioglitazone (39) demonstrated that the addition of lixisenatide once daily for periods ranging from 13 to 24 wk was effective in reducing postprandial plasma glucose after a standardized test meal and lowering Hb A 1c relative to placebo (43) lixisenatide appears to hold promise for improving the care of selected individuals with type 2 diabetes.
The data from the current study and a previous study in dogs undergoing an OGTT (60) are generally consistent with those in humans given exogenous GLP-1 infusions or short-term treatment with a DPP-IV inhibitor in that insulin concentrations were not increased in the lixisenatide group during most of the postprandial period. Continuous intravenous GLP-1 slowed gastric emptying and brought about a dose-dependent reduction in insulin concentrations after a meal in both normal volunteers and those with type 2 diabetes (28, 33) . Only with the use of erythromycin as a prokinetic agent was it possible to observe an insulinotropic effect of GLP-1 following meal feeding in normal subjects (30) . Moreover, despite the increase in insulin secretion during combined treatment with erythromycin and GLP-1, the glucose-lowering effect of GLP-1 was markedly reduced by inhibition of its ability to delay gastric emptying (30) . On the other hand, in subjects with type 2 diabetes, there was no effect of 10 days of treatment with the DPP-IV inhibitor vildagliptin on either the rate of gastric emptying or insulin concentrations following a mixed meal (59) . However, after longer periods (6 -52 wk) of vildagliptin therapy, ␤-cell effectiveness (insulin secretion in relation to glycemia) in individuals with prediabetes or type 2 diabetes was improved significantly relative to placebo (2, 49, 58) . Thus it is possible that higher insulin levels might have been observed in dogs if lixisenatide treatment had continued chronically. Nevertheless, lixisenatide reduced both 2-h postprandial insulin concentrations as well as the 0-to 4-h postprandial insulin AUC in a dose-dependent manner in adults with type 2 diabetes inadequately controlled with metformin (44) while also reducing postprandial glucose concentrations dose dependently (43) . Exenatide, another short-acting GLP-1 receptor agonist, exhibits a similar postprandial insulinlowering effect (25) . The insulin concentrations in the control group showed substantial fluctuations. This was likely due to the pulsatile nature of insulin secretion in the dog, as in the human (19, 41, 42) . With 15-to 30-min sampling intervals, the samples may capture concentrations anywhere on the curve from peak to trough. Additionally, the absorption of a meal is not a smooth process but instead occurs in a rhythmic pattern induced by the migrating myoelectric complex (9, 45) . This has been observed to entrain insulin secretion (45) . Overall, our data from the lixisenatide group agree with those of Lorenz et al. (27) obtained in the human in that postprandial insulin secretion appeared to be appropriate to the glucose stimulation. Lixisenatide appears to improve glucose disposal (glucose clearance) even in the absence of obvious enhancement of insulin secretion.
Using the specific GLP-1 receptor antagonist exendin (9 -39), Shirra et al. (55) determined that GLP-1's reduction of glucagon secretion can play a significant role in reducing fasting and postprandial glycemia. However, in the current acute study, there was only a small effect, if any, of lixisenatide to lower postprandial glucagon concentrations (Fig. 5) . Lixisenatide treatment slowed the suppression of NEFA concentrations and reduced the fall in glycerol concentrations in the postprandial period. These effects were likely related to the reduced insulin concentrations in the lixisenatide group. The lixisenatide group also had lower blood lactate concentrations in the early postprandial period, apparently due to a reduction in hepatic glycolysis related to the lower rates of NHGU in the lixisenatide group.
In conclusion, the reduction in the postprandial glycemic response in the current report, combined with the promising data from clinical trials (1, 17, 39, 46, 47, 50, 56) , indicates that lixisenatide could be a useful adjunct in treatment of postprandial hyperglycemia in individuals with impaired glucose tolerance or type 2 diabetes. As suggested in humans (23, 34) , our data demonstrate a delay in gastric emptying following administration of lixisenatide that allows more efficient disposal of the carbohydrate in the meal. Data from mice and humans suggest that this may be accompanied by improved postprandial triglyceride and lipoprotein metabolism (29, 37, 38, 65 ). There appears to be no specific effect of lixisenatide to increase liver glucose uptake.
GRANTS
These studies were supported by a grant from Sanofi. Lixisenatide (formerly described also as AVE0010 or ZP10) was licensed to Sanofi by Zealand Pharma (Denmark). These studies were facilitated by the Metabolic Physiol- 
